Approximately 15% of colorectal cancers exhibit microsatellite instability (MSI), which leads to accumulation of large numbers of small insertions and deletions (indels). Genes that provide growth advantage to cells via loss-of-function mutations in microsatellites are called MSI target genes. Several criteria to define these genes have been suggested, one of them being simple mutation frequency. Microsatellite mutation rate, however, depends on the length and nucleotide context of the microsatellite. Therefore, assessing the general impact of mismatch repair deficiency on the likelihood of mutation events is paramount when following this approach. To identify MSI target genes, we developed a statistical model for the somatic background indel mutation rate of microsatellites to assess mutation significance. Exome sequencing data of 24 MSI colorectal cancers revealed indels at 54 million mononucleotide microsatellites of three or more nucleotides in length. The top 105 microsatellites from 71 genes were further analyzed in 93 additional MSI colorectal cancers. Mutation significance and estimated clonality of mutations determined the most likely MSI target genes to be the aminoadipate-semialdehyde dehydrogenase AASDH and the solute transporter SLC9A8. Our findings offer a systematic profiling of the somatic background mutation rate in protein-coding mononucleotide microsatellites, allowing a full cataloging of the true targets of MSI in colorectal cancer. Cancer Res; 77(15); 4078-88. Ó2017 AACR.
Introduction
Colorectal cancer is the third most common malignancy in Western countries with a mortality rate of nearly 50% (1) . Approximately 15% of colorectal cancers exhibit microsatellite instability (MSI); inherited cases account for 3% whereas the remaining 12% are sporadic (2) . MSI is also observed in 10%-20% of endometrial and gastric cancers (3) . MSI is caused by a defect in the mismatch repair (MMR) machinery, one of the main mechanisms responsible for recognizing and repairing errors in newly synthesized DNA. MSI results from biallelic inactivation of one of the MMR genes. The most common inherited condition predisposing to colorectal cancer is Lynch syndrome where the individual carries a germline mutation in one of the MMR genes and is therefore highly predisposed to MSI colorectal cancer. In sporadic cases, the inactivation most often results from hypermethylation of the MLH1 gene promoter (2) .
MSI is characterized by accumulation of a high number of mutations across the genome, most commonly small insertions and deletions (indels) in short nucleotide tandem repeats, microsatellites. In protein coding regions of genes, these often lead to a shift in the DNA reading frame and the generation of a premature termination codon, leading to a truncated protein product. Genes that provide growth advantage to cells via loss-of-function mutations in microsatellites are called MSI target genes (4) . In 1997, the National Cancer Institute workshop set criteria to distinguish MSI target genes involved in tumorigenesis from incidental mutation targets. These included (i) a high frequency of mutations, (ii) biallelic inactivation, (iii) involvement in a growth suppressor pathway, (iv) inactivation of the same pathway in MSS tumors, and (v) functional studies in in vitro or in vivo models (5) . Subsequently, numerous genes have been reported as candidates for MSI target genes, many of them based on high mutation frequency alone. Only few genes have been functionally validated. Well established MSI target genes include, for example activin A receptor type 2A (ACVR2A) and transforming growth factor b receptor 2 (TGFBR2; refs. [6] [7] [8] .
The tendency of a microsatellite to harbor mutations depends on the microsatellite length and the nucleotide context (9) . Therefore, when mutation frequency of microsatellites is evaluated as evidence for selection, the background mutation rate must be considered (10) . Several statistical tools for calculating the somatic background mutation rate of microsatellites to identify candidate MSI target genes likely involved in tumorigenesis have been developed based on Sanger sequencing of numerous microsatellites (11) (12) (13) .
In the past few years, next-generation sequencing (NGS) technologies have been widely accepted into both research and clinical use. A few large sequencing efforts on colorectal cancer and MSI have been published (14) (15) (16) (17) but to our knowledge to date only one has focused on MSI colorectal cancer specifically (18) . In that study, NGS was utilized to profile the genomic landscape of MSI in endometrial cancer and colorectal cancer. Several genes were reported to have a high mutation frequency in microsatellites. Distinguishing true driver genes from a large number of incidentally mutated passenger genes from NGS data is an obvious challenge-one that is augmented in MSI tumors that contain on average tenfold the number of mutations observed in microsatellite stable tumors (14) .
As high mutation frequency is not solely sufficient to implicate a role in tumorigenesis, we designed a study to identify candidate MSI colorectal cancer target genes by statistical modeling of short indels to assess mutation significance of microsatellites. We utilized exome sequencing data from 24 sporadic MSI colorectal cancers and corresponding normals to systematically characterize the mutation profile of mononucleotide microsatellites. We observed 54,469,706 mononucleotide microsatellites with a minimum length of three nucleotides within the coding region of the genome to develop a novel statistical model for evaluation of mutation significance to discover the most likely candidate MSI target genes. As indels in microsatellites are frequent events in MSI cells, we modeled the mutation rate at mononucleotide microsatellites as the function of the nucleotide (A:T or C:G), and microsatellite length. Taking advantage of the high number of mutations detected by exome sequencing in contrast to targeted Sanger sequencing utilized in previous studies, we were able to model each microsatellite class (e.g., A:T microsatellite of eight nucleotides, A:T [8] ) independently.
With the statistical model, we identified the genes with the most significantly mutated microsatellites in the exome sequencing data (Set A) with the aim of identifying the most likely MSI target genes. To compare the results from our novel statistical model to an approach utilizing mutation frequency alone, the most frequently mutated genes in our data (Set B), and a recent comprehensive NGS study on MSI colorectal cancer (Set C; ref. 18) were included in the analysis (Fig. 1) .
Altogether, 105 mononucleotide microsatellites from 71 candidate MSI colorectal cancer target genes (Sets A, B, and C) were selected for further validation by MiSeq or Sanger sequencing in 93 additional MSI colorectal cancers. On the basis of mutation significance from our statistical model and the estimated clonality of mutations, we identified the most likely candidate target genes in this tumor type. Two genes, AASDH and SLC9A8, emerged as our prime candidates for novel MSI colorectal cancer target genes.
Materials and Methods

Patient material
The 24 sporadic MSI colorectal cancers and corresponding blood or normal colon tissue samples were derived from a previously characterized population-based series of 1,044 colorectal cancers for exome sequencing (Supplementary Table S1 ; refs. 19, 20) . The study was approved by the Ethics Committee of the Hospital district of Helsinki and Uusimaa. All samples were derived either after an informed consent signed by the patient or authorization from the National Supervisory Authority for Welfare and Health. The study was conducted in accordance with Declaration of Helsinki.
Variant analysis in exome sequencing data
A novel genomic discovery tool developed in-house (BasePlayer, http://biorxiv.org/content/early/2017/04/11/126482) was used to analyze and visualize the exome sequencing data. To obtain somatic variants, the 24 tumor exomes were filtered against the 24 respective normal samples. Figure 1 . Twenty-four MSI colorectal cancers and corresponding normals were exome sequenced as the discovery set. On the basis of the exome sequencing data, a statistical model was developed to account for the somatic indel mutation rates at mononucleotide microsatellites to rank genes based on mutation significance. Fifty-three most significantly mutated microsatellites from 53 genes (Set A) were selected for further validation. To compare our novel statistical model with only utilizing mutation frequencies, the most frequently mutated genes in the exome sequencing data (63 microsatellites from 35 genes; Set B) were included in the validation. Sets A and B were validated by MiSeq sequencing in 93 additional MSI colorectal cancers. To compare our results with those of another extensive NGS study, the 18 genes from the study of Kim and colleagues (18) were included in the analysis and further validated by Sanger sequencing in the 93 MSI colorectal cancers.
Modeling somatic indel mutations at mononucleotide microsatellites in exome sequenced samples: a novel statistical model Indel mutation frequencies at mononucleotide microsatellites were estimated from the somatic mutation calls in exome sequencing data. Similarly to previous studies, we considered the indel mutation frequency at A:T and C:G mononucleotide microsatellites (21, 22) . The indel mutation frequency was estimated separately for each nucleotide and mononucleotide microsatellite length class (e.g., A:T microsatellite of eight base pairs, or A:T [8] ) for microsatellites of the human reference genome GRCh37 with a minimum length of three nucleotides. For each mutation class, we obtained the indel mutation frequency k/n, where k is the number of observed somatic indels of the particular mutation class and n is the number of callable mononucleotide microsatellite sites across the samples. A site in a sample was considered callable if the coverage at the site was at least five in both tumor and normal. Prior to analysis, positions of mutation calls, which occurred within a mononucleotide microsatellite, were adjusted to the first base of the microsatellite.
We then tested each mononucleotide microsatellite mutated in at least one tumor to discover if the site was mutated with a rate significantly higher than the somatic background mutation frequency. Here we conservatively only considered frameshift mutations in contrast to the estimation of the background mutation frequency, where all indels were considered. For each microsatellite, Fisher's exact test was used to test whether the microsatellite mutations occurred independent of the background mutation rate of the microsatellite class (e.g., A:T [8] ). Specifically, the tested null hypothesis was (m/n)/[(M À m)/(N À n)] ¼ 1, where m and n are the number of mutated and wildtype tumors (m þ n ¼ 24), and M and N are the total number of mutated and wild-type microsatellites of the same class as the tested microsatellite across the 24 tumors. The P values obtained were corrected for multiple testing with the Benjamini-Hochberg method. The microsatellites were then ranked according to their corrected P value (q-value; Set A).
MiSeq sequencing
The most significantly mutated microsatellites in the exome data, all microsatellites that were mutated with q < 2.35 Â 10 À4 (53 microsatellites from 53 genes, Set A), were selected for further validation in a set of 93 additional MSI colorectal cancers (Supplementary Table S2 ). To compare our approach to one where only mutation frequency is considered, the most frequently mutated genes, all genes mutated in 10 or more samples (65 microsatellites from 36 genes, Set B), were also included in the MiSeq validation (Supplementary Table S2 ).
Variant analysis in the MiSeq data
A comparative analysis and visualization tool developed inhouse (BasePlayer) was utilized to analyze variants called in the MiSeq data. The sequencing data from the 93 tumors were filtered against whole genome sequencing data from 231 in-house normal samples of colorectal cancer patients to remove germline variants (23) .
Sanger sequencing
To compare our results to those of the previously published NGS study on MSI colorectal cancer, the 18 genes published by Kim and colleagues were included in the analysis (18) . In the data by Kim and colleagues there were 21 mononucleotide microsatellites in the coding region of these 18 genes that harbored frameshift mutations. In our exome data there were 10 additional coding region mononucleotide microsatellites that harbored frameshift mutations within these genes. All the 31 microsatellites in these 18 genes were selected for further validation by Sanger sequencing (Set C; Supplementary Table S2 ). Microsatellites in untranslated region (UTR) were excluded. The 31 microsatellites were Sanger sequenced in the set of 93 additional MSI colorectal cancers. The primer sequences and PCR conditions are shown in Supplementary Table S3 .
Statistical analysis
Fisher's exact test was used to evaluate differences in mutation frequencies between experiments (exome, Sanger, MiSeq sequencing) and gene sets (Sets A, B, and C).
Results
To identify new candidates for MSI colorectal cancer target genes, and to systematically characterize mutations in mononucleotide microsatellites within the protein coding regions in this tumor type, we analyzed exome sequencing data from 24 MSI colorectal cancers and respective normal samples. We developed a novel statistical model to evaluate mutation significance in different mononucleotide microsatellite classes. The most significantly mutated mononucleotide microsatellites (53 microsatellites, from 53 genes, Set A) were screened in a targeted MiSeq sequencing of an independent set of 93 MSI colorectal cancers. To compare our novel statistical model for mutation significance to an approach where only mutation frequencies are utilized, the most frequently mutated genes (65 microsatellites from 36 genes, Set B) were also included in the MiSeq validation. To compare the results of our study to those of the previously published NGS study on MSI colorectal cancer, the 31 microsatellites from the 18 genes reported by Kim and colleagues (Set C) were further validated by Sanger sequencing in the set of 93 MSI colorectal cancers (18) . The analysis workflow is summarized in Fig. 1 .
Characterization of somatic microsatellite mutations in exome sequencing data of 24 MSI colorectal cancers
Analysis of the exome sequencing data of 24 MSI colorectal cancers and respective normal samples yielded a median of 2,273 somatic single nucleotide variants (SNV), 727 deletions, and 132 insertions per tumor (Fig. 2) . The majority of the indels were one nucleotide deletions (51%; Supplementary Fig. S1 ). Exome sequencing data allowed us to investigate mutation profiles on average at 1,417,867 A:T and 851,703 C:G mononucleotide microsatellites with sufficient read coverage (!5 reads) within the coding region per tumor ( Supplementary Fig. S2 ). Although longer C:G microsatellites are less common in the coding region than A:T microsatellites, somatic indels were found at a much higher proportion in C:G than in A:T repeats of the same length A summary of the exome and targeted sequencing data of MSI tumors. Rows, the 71 candidate genes selected for validation in the extended set of 93 MSI colorectal cancers. Columns, the 24 MSI colorectal cancers subjected to exome sequencing. The genes where a tumor harbors at least one frameshift mutation in a mononucleotide microsatellite are indicated by dark green. Top, a histogram of indels within the protein coding region in 24 MSI colorectal cancers detected in exome sequencing. Left, candidate target gene selection criteria [significantly mutated according to our statistical model; frequently mutated in the whole exome sequencing (WXS) data; frequently mutated in Kim and colleagues (18)], and for the extended set of 93 MSI colorectal cancers, the statistical model q-value, mutation frequency (Freq), and normalized mutated allelic fraction (NAF). Darker color corresponds to a lower q-value and higher mutation frequency and allelic fraction. Detection of signals of positive selection in MSI colorectal cancer on the basis of mutation frequency alone is biased, favoring longer mononucleotide microsatellites. To account for the effect of microsatellite length, and thus to be better able to detect driver mutations, we constructed a statistical model of indel mutation rates at mononucleotide microsatellites of variable length to rank microsatellites based on mutation significance. Microsatellites of A:T and C:G were analyzed independently of each other. In the A:T model, the accuracy of frequency estimate remained high up to the length of 16 nucleotides (<10% margin of error). However, in the C:G model similar accuracy was observed only up to eight nucleotides due to the lower number of C:G microsatellites in the coding regions (Supplementary Table S4) .
We observed 3,769 mononucleotide microsatellites with at least one frameshift mutation in our data. We tested each of these sites to assess whether the site was mutated more frequently than expected considering the nucleotide and length of the microsatellite (e.g., A:T [8] ). The result showed a nonuniform distribution of P values ( Supplementary Fig. S8 ), likely stemming from unaccounted factors in this analysis such as replication timing and transcription-coupled repair (24) . However, microsatellites within three previously established targets ACVR2A, TGFBR2, and CASP5 (6, 8, 25) were among the six highest ranking genes, increasing our confidence in the statistical model (ACVR2A, A: T [8] Table S2 ; Supplementary Figs. S9 and S10).
Selection of candidate genes for validation based on mutation frequency alone To compare the results from our novel statistical model to an approach where only mutation frequencies are utilized, we next identified the set of genes most frequently affected by frameshift mutations at mononucleotide microsatellites in the exome data of 24 MSI colorectal cancers. A total of 36 genes with frameshift mutations in at least 10 tumors (>41%, a mean of 14.2 frameshift mutations/gene) were found and selected for further validation in the extended set of 93 MSI colorectal cancers (65 microsatellites from 36 genes, Set B; Fig. 2; Supplementary Table S2 ). The three previously characterized MSI target genes, ACVR2A, TGFBR2, and CASP5 (6, 8, 25) , each containing an A:T microsatellite of at least eight nucleotides, harbored the most mutations. Indeed, of the total of 65 microsatellites occurring in the 36 genes, A:T [8] was the most common type (16/65). In addition to ACVR2A, TGFBR2, and CASP5, other genes in Set B that contained long microsatellites, such as CLOCK and MSH3, have been denoted MSI target genes in previous studies (26, 27) .
To compare our results to those of another extensive NGS study on MSI colorectal cancer, the 18 genes reported by Kim and colleagues were included in the analysis (18) . For these 18 genes, the mutation frequencies were calculated from our exome data. Also, for these 18 genes, the mutation frequency was recalculated from the mutation data of Kim and colleagues according to the same criteria that was utilized for calculating mutation frequencies from our data, the number of frameshift mutations in coding region mononucleotide microsatellites, to unify the frequencies between our data and that of Kim and colleagues. Altogether, 31 microsatellites from 18 genes (Set C) were included in further validation in the extended set of 93 MSI colorectal cancers (Supplementary Table S2 ).
Accurate estimation of somatic mononucleotide microsatellite mutation frequencies with targeted sequencing
The top candidate MSI target genes (the most significantly mutated genes according to our novel statistical model, Set A) and the most frequently mutated genes from our exome data (Set B) as well as from Kim and colleagues (Set C) were selected for further validation in the extended set of 93 independent MSI colorectal cancers. Altogether, this screen included (i) 53 mononucleotide microsatellites in 53 genes highlighted by our statistical model (Set A), (ii) 65 microsatellites in the 36 most frequently mutated genes in our exome sequencing data (Set B), and Fig. S12 ). The median coverage at indel sites was 184.5 reads (Supplementary Fig. S13; Supplementary Table S5 ). Sanger sequencing successfully amplified 30 microsatellites from 17 genes of Set C (Supplementary Table S2 ). One microsatellite in OR7E24 did not amplify. The success rate of the PCR reaction varied between 100% and 60% per fragment and was on average 85% per fragment.
We then evaluated the mutation frequencies observed in the targeted NGS data. Mutation frequencies in exome and MiSeq showed good correlation (exome vs. MiSeq r ¼ 0.73, P ¼ 1.29 Â 10 À10 ; Supplementary Fig. S14 ). The two well-known MSI targets,
ACVR2A and TGFBR2 (6, 8), were mutated in almost all the tumors (Supplementary Table S2 ; Supplementary Fig. S14 ). The following 16 genes were found to have a mutation frequency >50% with 97.5% confidence: AASDH, ACVR2A, ATR, CASP5, CCDC178, CDH26, COBLL1, USF3, LARP7, MIS18BP1, RPL22, SLC35F5, SLC9A8, TFAM, TGFBR2, and TRIM59 (Supplementary Table S2 ). The mutation frequencies yielded by Sanger sequencing of the genes in Set C were significantly higher than those by Kim and colleagues in 14 of the 17 genes that were successfully amplified (18) , likely due to the higher sensitivity of Sanger sequencing over exome sequencing (Supplementary Table S2 ).
Seventeen microsatellites in nine genes were included both in Set C and either Set A or Set B, and were therefore subjected to sequencing with all three methods: exome, Sanger and MiSeq sequencing ( Table 1) . The mutation frequencies observed in Sanger sequencing and MiSeq of the same 93 samples were close to perfect agreement (Spearman r ¼ 0.97, P ¼ 2.18 Â 10 À10 ).
Although all methods showed good correlation, mutation frequencies in our exome data and the data of Kim and colleagues underestimated the frequencies relative to MiSeq and Sanger data, likely due to the higher sensitivity of the latter methods ( Fig. 3 ; Supplementary Fig. S15 ).
Mutation modeling reveals novel candidate MSI colorectal cancer target genes Analysis of mutation significance by the novel statistical model in the MiSeq sequencing data resulted in a set of 21 genes harboring a microsatellite with unexpectedly large numbers of mutations with q < 5.99 Â 10 À38 (Table 2; Supplementary Table   S6 ). This set contained the well-established target genes ACVR2A Figure 3 .
Significance of the mutations in the 71 genes in the exome sequencing and targeted MiSeq data. FDR-adjusted P values [log 10 (q)] are shown. Genes with log 10 (q) > 11 in the exome data, the top 80% genes with respect to the q-value calculated in the MiSeq data (n ¼ 14), and two genes highlighted in the clonality analysis (TNFAIP6 and KCNMA1) are indicated (green, labeled). AASDH, ATR,  BMPR2, CASP5, CCDC178, CCDC30, CDH26, CLOCK, COBLL1,  DDX27, USF3, MIS18BP1, MSH3, RPL22, SEC31A, SLC35F5,  SLC9A8 , TFAM, and UBR5 ( Fig. 4; Supplementary Table S7 ). In subsequent Sanger sequencing, the ALPK2 mutations were found to be germline polymorphisms.
To gain insight into the clonality of mutations and thus additional evidence for driver genes, we examined NAFs of indels in the 71 genes sequenced with MiSeq ( Supplementary Fig. S16 ). As expected, mutations in the known MSI targets TGFBR2 and ACVR2A (6, 8) were found to be highly clonal (mNAFs 88% and 81%, respectively; Supplementary Fig. S17 ; Supplementary Table  S6) . However, indels in CASP5 displayed much lower allelic fractions (mNAF ¼ 67%) as compared to TGFBR2 and ACVR2A, suggesting that not all CASP5 mutations are early events in tumor development. A total of eleven genes displayed a normalized allelic fraction of at least 60% (Supplementary Fig. S16 ). Indels in TNFAIP6 appeared particularly clonal (mNAF ¼ 89%); in subsequent analysis this gene was found to harbor a large amount of additional germline variation in mononucleotide microsatellites. Moreover, many of the somatic indels in TNFAIP6 were inframe mutations, reducing the likelihood that this gene is a true driver via inactivation of the gene. Besides the well-characterized MSI target genes, both AASDH and SLC9A8 were found to be frequently affected by relatively clonal indels (AASDH, 78/93 mutated tumors, mNAF ¼ 83%; SLC9A8, 87/93 mutated tumors, mNAF ¼ 66%). In addition, both AASDH and SLC9A8 were highlighted in the significance analysis of the MiSeq data (q-value ranks; AASDH 10/142, SLC9A8 5/142; Fig. 5 ; Supplementary Table  S2) . Finally, KCNMA1 was mutated only in 17 of 93 tumors but displayed a relatively high normalized allelic fraction (mNAF ¼ 72%), appearing as an outlier in this analysis (Supplementary Fig.  S16 ).
In conclusion, among the most significant and the most clonal genes we found the previously established target genes ACVR2A and TGFBR2 (6-8), but also genes such as AASDH and SLC9A8 that to our knowledge have not been associated with MSI cancers before ( Fig. 5 ; Table 2; Supplementary Table S6) .
Discussion
Comprehensive understanding of mutations contributing to human cancers is essential for improved diagnostics and new therapeutic approaches and personalized care. The challenge of distinguishing driver mutations from passengers is augmented in MSI tumors due to their high mutation load. In regard to identifying driver genes, the mutation frequency of a gene alone is a poor predictor of causality, and additional parameters should be considered (28) .
To identify new target genes in MSI colorectal cancer, we utilized a discovery set of 24 MSI colorectal cancers to gain insight into the patterns of small indels in different mononucleotide microsatellite classes. We developed a novel statistical model to rank genes based on mutation significance of microsatellites and consequently identified genes harboring microsatellites with unexpectedly high numbers of frameshift mutations in relation to the length and type of the mononucleotide microsatellite (Supplementary Table S2 ). From this list we selected 53 microsatellites from 53 genes (Set A) to be further validated by MiSeq sequencing in an additional set of 93 MSI colorectal cancers. To compare the results of our statistical model to utilizing only mutation frequencies, the most frequently mutated genes in the exome sequencing data (Set B, 65 microsatellites from 36 genes) were included in the MiSeq screening.
Analysis of mutation significance in the MiSeq data by the statistical model resulted in a ranked list of candidate genes (Fig. 4 and Supplementary Table S6 ). Enabled by the high coverage of the MiSeq data, we contrasted this ranking with the estimated clonality of the mutations to gain additional evidence for driver mutations ( Fig. 5; Supplementary Table S6 ). This set of genes serves as our candidates for MSI colorectal cancer target genes. Among the most significant and the most clonal genes were the previously established target genes ACVR2A and TGFBR2 (6-8), but also genes such as AASDH and SLC9A8 that to our knowledge have not been associated with MSI cancers before ( Fig. 5 ; Table 2;  Supplementary Table S6 ). These two genes are the prime novel candidates for MSI colorectal cancer target genes emerging from this analysis.
AASDH
(aminoadipate-semialdehyde dehydrogenase) encodes an enzyme that has been suggested to activate b-alanine (29) . It is located in a region of chromosome 4 that exhibits copy number loss in early onset colorectal cancer (30) . A deletion of 2Ts in a 3T-microsatellite has been reported in this gene in familial colorectal cancer of unknown cause (31) . Exposure of MCF-7 breast cancer cells on b-alanine resulted in reduced migration and proliferation of the cells as well as in increased sensitivity to doxorubicin (32) . The frameshift mutations observed in our data suggest an inactivating effect on the protein product. Inactivation of AASDH could result in reduced activation of b-alanine and hence increased migration and proliferation of cells as well as decreased sensitivity to doxorubicin. MSI tumors have been shown to exhibit resistance to doxorubicin treatment (33) (34) . The mechanism of doxorubicin resistance has been linked to several transporter proteins (35) , yet to our knowledge the mechanism of resistance related to MSI remains elusive. MSI colorectal cancers have also been shown to be resistant to 5-fluorouracil (5-FU; ref.
2). The main metabolite of 5-FU is a-fluoro-b-alanine (36) . Inactivation of AASDH could possibly affect the processing of this metabolite.
SLC9A8 (solute carrier family 9 member A8) encodes a transmembrane protein that exchanges extracellular Na þ for intracellular H þ (37) . It has been reported to be involved in intestinal mucosal integrity by regulating the functions of goblet and Paneth cells (38) , and its loss has been shown to result in reduced mucin production and increased bacterial adhesion (39) . The expression of SLC9A8 is inhibited by TNFa (39) and EGF (40) . From the top 21 genes with the most significantly mutated microsatellites in the MiSeq data, nine (ACVR2A, ATR, BMPR2, CASP5, CLOCK, MSH3, SLC35F5, TGFBR2, and TFAM) were previously described MSI target genes for which functional data to support their role in tumorigenesis has been reported (Supplementary Tables S6 and S7 ; Supplementary Fig. S18 ). From four genes (CCDC178, RPL22, SEC31A, and UBR5) mutation data have been reported (11, 18, 41) . Two of the top genes (MIS18BP1 and USF3) have been reported in MSI gastric cancer (42) . Six of the top genes (AASDH, CCDC30, CDH26, COBLL1, DDX27, and SLC9A8) have to our knowledge not been reported in MSI cancers before.
Detection of signals of positive selection in MSI colorectal cancer on the basis of mutation frequency alone biases detection toward longer mononucleotide microsatellites. To compare the results from our statistical model to utilizing only mutation frequency of the gene, the most frequently mutated genes in the exome data (Set B, 65 microsatellites from 36 genes) were included in the MiSeq screening (Supplementary Table S2 ). From the top 21 most frequently mutated genes in the exome sequencing data, only 12 (ACVR2A, ATR, CASP5, CCDC178, CLOCK, DDX27, MIS18BP1, RPL22, SLC35F5, TFAM, TGFBR2, and UBR5) were found among the top 21 genes containing the most significantly mutated microsatellites in the MiSeq data (Supplementary Tables  S2 and S6) .
Microsatellites have extensively been studied for a few decades and the importance of accounting for the effect of MMR on the mutation spectrum has been stressed in various efforts (11, 13, 21) . Yet many studies overlook this phenomenon and new candidate genes are continuously published based on mutation frequency alone (43) (44) (45) . To our knowledge, only one other comprehensive NGS study focusing on MSI colorectal cancer has been published to date (18) . In our study we identified the same previously well-established MSI target genes (ACVR2A, TGFBR2, and CASP5) as Kim and colleagues. However, in our study we identified 61 genes with a mutation frequency over 30%, whereas in the study by Kim and colleagues 18 such genes were reported (Supplementary Table S2 ; Supplementary Fig. S19 ). Of the 18 genes of Kim and colleagues, only seven (ACVR2A, CASP5, CCDC178, CLOCK, USF3, MSH3, and TGFBR2) were identified among the 21 genes containing the most significantly mutated microsatellites in our MiSeq data ( Fig. 2; Supplementary Table S6 ).
To date, a few statistical models based on targeted sequencing of a set of microsatellites have been utilized in study of somatic mutations in microsatellites (11, 13, 21) . Woerner and colleagues implemented a nonlinear regression model to identify candidate driver genes in MSI colorectal cancer, and from this analysis nine candidate genes emerged (13) . Six of these (ACVR2A, TGFBR2, TCF7L2, MSH3, BAX, and ASTE1) were also found to be mutated in our data (Supplementary Table S2 ). To our knowledge, however, our study represents the first ever effort to systematically characterize the mutation landscape of coding region mononucleotide microsatellites in relation to the expected somatic background mutation frequency to identify MSI target genes.
In investigation of somatic mutations in microsatellites, considering the impact of MMR deficiency on the accumulation of mutations is fundamental. When comparing our results to those of another comprehensive study (18) , and to other previous studies, the importance of accounting for the background mutation rate in evaluation of mutation frequencies in microsatellites is highlighted. Our novel statistical model provides a new reference for the expected somatic mutation rate in mononucleotide microsatellites and thus a novel tool for analyzing mutation significance in MSI colorectal cancers. Utilizing a discovery set larger than that in our study might enable identification of more novel candidates for MSI colorectal cancer target genes. In addition to MSI colorectal cancer, our approach should be considered when studying other MSI cancers. Finally, 25 years after the original discovery of MSI (2), our statistical model enables the construction of a comprehensive catalogue of the candidate main target genes in MSI tumors.
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